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Laser lift-off (LLO), by which GaN is separated from sapphire, is demonstrated to be a promising technique
for advanced GaN-based optoelectronic devices. Its physical insight, however, is still not fully understood. We
study systematically the effect of laser pulse width on the LLO process and the property of GaN. To estimate
accurately the temperature distribution and the decomposed thickness of GaN, fluctuation in the pulse laser
energy is taken into account. It is found that the temperature at the interface is increased in a higher speed for
a narrower pulse width. In addition, less damage to the GaN film is expected for a narrower pulse width owing
to the smaller heated area, lower transient temperature and lower N2 vapor pressure encountered during LLO.
Some experimental results reported in literature are explained well. Our results are useful in understanding the
effect of laser pulse width and can be taken as references in LLO of GaN/sapphire structures.
PACS: 42.70.−a, 44.10.+a, 85.30.−z, 85.60.−q DOI: 10.1088/0256-307X/30/1/014203
GaN-based semiconductors have been widely used
for optoelectronic devices such as blue light-emitting
diodes and laser diodes.[1,2] Due to the lack of na-
tive substrates, GaN films are commonly grown on
sapphire substrates. Since sapphire is an insulator,
it is necessary to have the ohmic contacts placed
on the top side of the device. This requires addi-
tional photolithography and dry etch steps. Moreover,
the dissipation of heat through sapphire is also ham-
pered. Recently, pulsed ultraviolet (UV) laser lift-off
(LLO) techniques, in conjunction with wafer bonding,
have been widely used to remove the sapphire sub-
strate and then transfer GaN films to other substrates
such as Si and Cu.[3,4] In the UV-LLO process, the
pulsed laser is irradiated to GaN from the backside
of the sapphire. Absorption of the laser energy at
the GaN/sapphire interface makes the temperature of
GaN high enough to decompose into gaseous nitrogen
and gallium droplets, leading to the separation of GaN
and sapphire. The LLO process, however, may affect
the properties of the GaN film.[3,5] In order to ensure
that there is no degradation in the film property af-
ter the LLO process, some parameters including laser
energy density, laser scanning speed and laser pulse
width need to be optimized. Firstly, the laser energy
density should be greater than or equal to a critical
value to heat the GaN film to the decomposition tem-
perature 850∘C.[6,7] This critical value is defined as
threshold energy density. However, the laser energy
density should not be too high in order to avoid crack
formation in the film.[8] Secondly, the laser scanning
speed is also a key parameter of the LLO process.[9]
Moreover, it has been found that the structural dam-
age of GaN films is strongly dependent on the laser
pulse width. The depths of the damage with pulse
widths of 30 ns and 20 ns were found to be approxi-
mately 50 nm and 40 nm, respectively.[10,11] It was also
reported that the depth of the superficial damage of
35 ns pulse width is about 5 times that of 5 ns pulse
width.[12] Thus, the laser pulse width seems to be the
most critical parameter for the LLO process because
the damage to GaN films needs to be as little as possi-
ble. The effects of the laser pulse width, however, are
still not fully understood. In this Letter, the effect of
laser pulse width on the temperature distribution in
a GaN film is discussed, which is important in under-
standing the effect of laser pulse width on the LLO
process and the damage of the GaN film.
The reasons for the damage are mainly as follows:
(1) The instantaneous high temperature caused by the
laser irradiation may cause thermal defects. (2) The
pressure due to N2 gas will cause deformation and
damage to the GaN film. Because the vapor pressure
of N2 is dependent on temperature,[13] it is hence cru-
cial to know the temperature distribution in the GaN
film during the LLO process.
A one-dimensional heat equation is used to calcu-
late the temperature distribution. This method has
been adopted by several research groups.[14,15] In con-
trast to previous studies, the optical loss and temper-
ature rise of the substrate during the laser irradiation
are taken into account in our calculations. The heat
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where the thermal diffusivity factor 𝑎 is defined as
𝑎 = 𝑘/𝜌 · 𝐶p; 𝑘, 𝐶p, 𝑇 are the thermal conductivity,
density, specific heat and temperature, respectively;
𝐼(𝑧, 𝑡) is the incident power density at a depth 𝑧 and
time 𝑡, and it can be written as
𝐼(𝑧, 𝑡) = 𝐼0(𝑡)(1−𝑅s) exp(−𝑎s𝑑s)
· (1−𝑅GaN) exp(−𝑎GaN𝑧), (2)
where 𝛼s and 𝛼GaN are the optical absorption coeffi-
cients of sapphire and GaN, respectively; 𝑅s and 𝑅GaN
are the surface reflectivities at the air/sapphire and
sapphire/GaN interfaces, respectively; 𝑑s is the thick-
ness of the sapphire substrate, and 𝐼0(𝑡) is the output
laser power density per pulse. The analytical solution






















































































𝑡 > 𝜏 ; (4)
where 𝑎1 = 𝑘1/(𝜌1 · 𝐶𝑝1), 𝑎2 = 𝑘2/(𝜌2 · 𝐶𝑝2); 𝜏 is the
pulse width, 𝑇1(𝑧, 𝑡) and 𝑇1(𝑧, 𝑡) represent the tem-
peratures of the GaN film (𝑧 ≥ 0) and the sapphire
substrate (𝑧 ≤ 0), respectively; 𝑇0 is the environment
temperature, and 𝑇0 = 27∘C is used in this calculation.
Values for 𝜌𝑖, 𝐶𝑝𝑖, 𝑘𝑖 (𝑖 = 1,2) of GaN and sapphire
used in calculations are taken from Refs. [14,17]
Using Eq. (3) we calculate the interface temper-
ature 𝑇int as a function of pulse width 𝜏 and laser
energy density 𝐼0. The results are shown in Fig. 1(a)
with a common value 𝑑s = 0.5mm.[14,18] As shown in
the figure, a linear increase of the interface temper-
ature 𝑇int is obtained with the increase of the laser
energy density 𝐼0. In addition, for a narrow pulse
width, the increment of 𝑇int is faster than that for
a wide pulse width. This can be attributed to the
fact that the peak laser power is higher for a narrow
pulse width. The calculated threshold energy density
is shown in Fig. 1(b). It can be seen clearly that the
threshold energy density is in proportion to the pulse
width.




















































Fig. 1. (Color online) (a) Temperature distribution at
GaN/sapphire interface irradiated by excimer laser with
different pulse width and laser energy density. The cir-
cle shows the experimental conditions where the GaN
film can be destroyed and broken into pieces (Ref. [19]).
(b) Calculated threshold energy density for the LLO pro-
cess as a function of pulse width. Experimental data
are shown by diamond (Ref. [19]), triangle (Ref. [18]) and
square (Ref. [3]).
Because the fluctuation of the pulsed laser energy
is inevitable in experiments,[8,15,18] it is important to
take the fluctuation into account when calculating the
temperature distribution of the GaN film. In ideal
cases, for a double polished sapphire substrate, light
scattering can be neglected. Therefore, the liftoff can
be realized just under the condition of the thresh-
old energy density and the decomposition thickness
of GaN is only one monolayer. Practically, however,
the laser energy density used in experiments is always
above the threshold energy density, and the decom-
posed thickness can reach 100 nm.[15] The fluctuation
may come from both the non-uniform energy distribu-
tion within the irradiation area and the pulse to pulse
variation.[15,18] The GaN film can be fully debonded
only when the temperature of the whole irradiated
area can reach the decomposition temperature 𝑇d. As-
suming the fluctuation of the pulsed laser energy is 𝑥,
then the optimized laser energy density in experiments
is 𝐼 ′ = 𝐼th(1+𝑥). The interface temperature can then
be calculated from Eq. (3) as 𝑇 ′ = 𝑇d + (𝑇d − 𝑇0)𝑥.
It can be seen that 𝑇 ′ > 𝑇d. GaN decomposes into
Ga and N2 where the temperature of the irradiated
area is greater than or equal to 𝑇d. Therefore, the
decomposed thickness of GaN should be more than a
monolayer.
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Based on the above analysis, it is clear that the
energy fluctuation is a significant factor in gaining a
better understanding of the LLO process, which shows
that it is necessary to take the fluctuation into ac-
count in estimating the temperature distribution and
the decomposed thickness of the GaN film. Once the
fluctuation of the pulsed laser energy 𝑥 is fixed, the
temperature distributions in the GaN film and the
sapphire substrate can then be obtained from Eqs. (3)
and (4). Figure 2 shows a comparison of the tem-
perature profiles for pulse widths of 5 ns and 38 ns
with 𝑥 = 5%.[15,18] The isotherm contours depict the
spatiotemporal history of the temperature. A non-
negligible temperature rise of the sapphire substrate
during the laser irradiation is found from the calcula-
tion, which has been neglected in previous work.[14,15]
As can be seen from Fig. 2, the heat diffusion distance
for 5 ns pulse width is shorter than that of 38 ns. For
instance, the depth (≥600∘C) of heat pulse propaga-
tion for 38 ns width (∼0.59µm) is 2.8 times that of 5 ns
(∼0.21µm). In addition, the thermal load on the GaN
film is significantly reduced in the case of 5 ns pulse
width compared with the 38 ns one. For the case of
5 ns pulse width, a high temperature area above 600∘C
is found to persist for only about 4 ns, whereas in the
case of 38 ns pulse width, the same high temperature
area is found to last almost 30 ns. As for the LLO
process with narrow pulse width, the above results in-
dicate two points: firstly, the high transient temper-
ature area is relatively small; and secondly, the du-
ration of the high transient temperature is relatively
short. It is known that the formation probability of
thermal defects is exponentially proportional to the
temperature. Thus, one can deduce from Fig. 2 that
more thermal defects will be introduced to the GaN
epilayer with wide pulse width. The lattice damage
caused by high transient temperature is reduced by





































Fig. 2. (Color online) Temporal and spatial variation of
temperatures in sapphire and in the GaN film for a single
pulse irradiation of (a) 5 ns and (b) 38 ns.
When the temperature of the irradiated area is
greater than or equal to 850∘C, the GaN film of
this area will be thermally decomposed into gallium
droplets and gaseous nitrogen. The heat diffusion dis-
cussed above indicates that energy fluctuation leads
to enlarged decomposition of GaN. Figure 3 shows
the decomposed thickness of the GaN film as a func-
tion of pulse width with different fluctuations. It is
found that the decomposed thickness increases mono-
tonically with the pulse width, which means that the
total amount of the gaseous nitrogen is directly in
proportion to the pulse width. Moreover, the decom-
posed thickness increases with the increase of fluctua-
tion. According to previous reports,[13] the vapor pres-
sure is exponentially dependent on temperature, i.e.,
𝑃N2 ∝ exp(𝑇 ), where 𝑃N2 represents the created vapor
pressure of N2. Thus, it can be inferred from Figs. 2
and 3 that the vapor pressure related to a wide pulse
width should be much higher than that of narrow pulse
width due to the longer and larger high temperature
duration. This result is consistent with Ueda’s argu-
ment, who stated that the decomposed area needs to
be as thin as possible to reduce the vapor pressure.[8]









































Fig. 3. (Color online) Decomposed thickness of the GaN
film as a function of pulse width for different fluctuations
of the pulsed laser energy.
The damage to GaN may come from the effects of
high temperature and pressure during the LLO pro-
cess. Under the mutual actions of the laser-induced
high temperature and high vapor pressure, a shock
wave will be generated in the GaN epilayer, which
causes crystal dislocations and severe damage to the
crystal lattice.[10,20] Based on the results that both
the effects (high transient temperature and high vapor
pressure) are weak for narrow pulse width, it is reason-
able to speculate that the LLO process with narrow
pulse width induces less damage to the GaN crystal,
which is in line with the experimental results.[10−12]
When the vapor pressure is high enough, however, the
GaN film will be destroyed. As mentioned above, be-
cause 𝑃N2 ∝ exp(𝑇 ), the crystal quality of the GaN
film after the LLO process is strongly dependent on
temperature induced by pulse heating. Since it can
be inferred from Eq. (3) that 𝑇 ∝ 𝐼/
√
𝑡, the vapor
pressure as a function of pulse width and laser en-
ergy density can then be obtained: 𝑃N2 ∝ exp(𝐼/
√
𝑡).
Wu et al. observed that the GaN film was broken at
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a laser energy density of 300 mJ/cm2 with 5 ns pulse
width. They also found, however, that a laser energy
density of 900 mJ/cm2 is required to cause the destruc-
tion of the GaN film with 35 ns pulse width.[19] This
is because lower energy density with narrower pulse
width can induce the same temperature and pressure
as higher energy density with wider pulse width. The
estimated 𝑇int values under the above experimental
conditions of Wu et al. are 1270.2∘C and 1323.3∘C,
respectively, as shown in Fig. 1. The result also indi-
cates that temperature is an important factor in de-
termining the damage. To realize low damage LLO, it
is suggested that the laser energy density needs to be
precisely controlled, especially for narrow pulse width.
The laser pulse width is a key parameter to realize low
damage LLO.
In summary, the effects of the laser pulse width on
the temperature distribution of the GaN film during
the LLO process have been studied. We have found
that the temperature rise at the GaN/sapphire inter-
face induced by laser irradiation is strongly dependent
on the pulse width and becomes highly sensitive to
laser energy density for narrow pulse width. In ad-
dition, by taking into account the fluctuation of the
pulse laser energy in estimating the temperature dis-
tribution of the GaN film, we can understand better
the effect of laser pulse width on both the LLO pro-
cess and the damage of the GaN film, including some
experimental phenomena reported before. Our results
reveal that LLO with narrow pulse width induces less
damage to the GaN crystal.
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